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1. INTRODUCTION AND REVIEW

Sonic booms have been studied since supersonic transports became a
reality. Extensive measurements of sonic booms have been undertaken in
the U.S.A. (Refs. 1-4), in the U.K. (Refs. 5-7) and in France (Ref. 8) to
investigate the physical characteristics of the phenomenon. Typical shapes
of sonic booms as measured at Edwards Air Force Base (Ref. 1) are shown in
Fig. 1.1. The general shape, the peak overpressure and duration of a sonic
boom can be predicted from the design of the aircraft, its altitude, Mach
nmber and the variation of temperature and wind gradients of the atmosphere
with altitude (see Refs. 9-11).

The present study was initiated on the basis that shock rise times in
sonic booms have been reported to be 100 to 1000-fold longer than the rise
times predicted by the weak-shock theory. Researchers have for a number of
years been challenged to investigate the causes for this discrepancy.

The rise time of the sonic boom was shown by Zepler and Harel (Ref. 12),
Johnson and Robinson (Ref. 13) and Niedzwiecki and Ribner (Refs. 14-16) to
be an important parameter in the overall loudness of a wave. These subjec-
tive-loudness studies of N-waves have indicated that a decrease in rise time
increases the loudness (Fig. 1.2, Ref. 14). For this reason it is important
to be able to predict the fastest possible rise of any part of the sonic boom
on an average day.

Some sonic boom measurements are presented below. They serve the purpose
of showing very small sonic boom rise times, and the measured variations due
to atmospheric turbulence.

During the program of supersonic overflights at Edwards Air Force Base
(Ref. 1) numerous sonic booms were recorded. We have received previously
unpublished (Ref. 17) oscilloscope traces from the measurement of a sonic
boom generated by an F-104 fighter aircraft flying at M = 1.3 at an altitude
of 9296 m. In this particular trace the time scales were expanded to show
the front and the back of the boom (Fig. 1.3), which was not previously
published. The front shock shows a rise time (10% to 90% peak overpressure)
of tf = 48 gs while the rear shock has a rise time of tb = 40 gs. The micro-
phone used for the measurements was a condenser microphone with an estimated
rise time capability of 50 9s (Ref. 1). This indicates that the rise time of
the oscilloscope traces in Fig. 1.3 are those of the monitoring system, which
lead to the conclusion that the rise time of the shock fronts in the sonic
boom may have been shorter than the measured values. It should be noted that
Fig. 1.3 provides evidence of very short rise times in sonic booms.

This particular F-104 boom is classified as a spiked boom known to have
the shortest rise times of all types of booms. Generally (Ref. 17) the sonic
boom has a transition as shown in the pressure time histories of Figs. 1.4 and
1.5 (Ref. 1). The pressure rises quite rapidly to a value pf equal to .8 or
.9 azplitude followed by a comparatively slow increase until the peak pressure
p..." From what can be estimated from Figs. 1.4 and 1.5 the rise time tf to
pf is at most 1/10 of the rise time tin x to pmax, which is the rise time
tabulated in Ref. 1.



Measurements of sonic booms by SR-71 aircraft operating at Mach numbers

up to 3.0 and altitudes to 24,384 metres is reported in Ref. 3. The obtained
histograms of rise times per unit overpressure to maximum overpressure and to

half amplitude are shown in Fig. 1.6. As reported, the most probable over-

pressure is 45 Pa. This implies that the typical rise time to maximum over-
pressure is 5 ms and to half overpressure 1.25 ms.

Sonic booms generated by the Concorde have been studied extensively by
the Royal Aircraft Establishment (Refs. 5-7). One particular experiment of

interest for rise time studies is the simultaneous measurement at five differ-

ent altitudes, namely 593m, 420m, 287m, 14 4m and ground level. This has not
been published previously (Ref. 7). Four microphones were attached to a

balloon tether so that the diaphragms were mounted 20 inches from the tether

and approximately horizontal, while one was mounted in a baffle at ground
level. The purpose of the experiment was to study the rise time variation
with altitude, and to determine its effects if possible. We have received

data in digital form from one such experiment on a day with a clear blue sky,
a gentle breeze and with microphones fitted with windscreens. The five
microphone readings are reproduced in Fig. 1.7. At an altitude of 593m the
pressure-time history of the front of the sonic boom is as shown in Fig.
1. 7a.

First there is a steep rise to a pressure pf = 29.3 Pa with a 10% to
90% rise time of tf = 0.165 ms, then a much more shallow rise to the peak
pressure Pmax = 60.5 Pa, reached after a time tmax = 5.40 ms. The pressure-

time history at 420m, Fig. 1.7b, shows a somewhat different picture, in that
the pressure rises in a steep gradient to pf = 42.9 Pa in tf .135 ms and

the subsequent shallow rise to Pmax = 62.0 Pa takes only tmax = 0.555 ms.
At 287m the boom is spiked, Fig. 1.7c, i.e., the pressure rises to a maximum

in one fast transition with tmax = 0.095 ms. The front of the boom measured

at 144m altitude, Fig. 1.7d, shows the same character as that at 593m. The
initial fast rise brings the pressure up to pf = 27.1 Pa in tf = 0.305 ms,
and the subsequent shallow rise increases the pressure to pmax = 50.2 Pa
after a total of tmax = 6.04 ms. At ground level, the front of the boom has
been distorted as seen in Fig. 1.7e. The first rise to pf = 22.7 Pa in

tf = 0.175 ms is followed by a comparatively irregular rise to maximum over-
pressure Pmax = 91.7 Pa after a total of tmax = 1.20 ms. This measurement
reads twice the incident sonic boom overpressure because of reflection from

the baffle. All the stated data are computed frm Ref. 7 and tabulated in
Table 1.1.

It should be noted that the horizontal mounting of the microphones would
most likely result in an angle of incidence of the front of the sonic boom
of about 900. The microphone used in the experiments was a Bruel & KJaer
type 4146 sonic 4~bm microphone, which has a risetime capability at 90*
incidence of tm  (900) = 105 s. It should be noted that this conserva-

tive estimate of the capability is of the same order of magnitude as the rise
times of the first front of the sonic boom (see column tf in Table 1.1). We
interpret the rise times tf as being the limitation of the monitoring equip-
ment, rather than the true rise time of the shocks. The fact that tmax
0.095 ms in Fig. 1.7c probably arises from a less than 900 incidence.

The reported Concorde data, on a calm day, show a fairly steep front up
to a point where the rise changes slope. Analysing the data of Fig. 1.7, we
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find no definite trend in the variation of the shallow part of the booms
with altitude.

It should be noted that the booms measured at the five altitudes have
most likely propagated through different air masses of teuperature, pressure,
humidity, turbulence, and wind speeds. This is illustrated in Fig. 1.8
where the suspended microphones are seen as points 1 to 5. The sonic boom
generated at altitude propagates along sound rays (rI to r5 ). The figure
shows that the five microphones are not necessarily located on the same sound
ray. This explains the fairly large differences in the traces.

Sonic booms from Mirage III fighter planes have been measured in the
exercise Jericho-Casbah (Ref. 8). The measured signals showed the general
shape shown in Fig. 1.9. Note that we have adopted this definition of rise
time, i.e., from 10% to 90% anplitude. Sample traces are shown in Fig. 1.10,
the left column contains the full sonic boom, the middle and right columns
show the front and rear shocks respectively on an expanded time scale. The
measurements were performed with a Briiel & Kjaer 1/2" dia microphone with a
rise time capability of - 25 1s. Note that the overpressures are in a range
of 160-960 Pa, because the overflights were conducted at a low altitude of
about 600m. For high altitude overflights of about ll,OOOm, the measurements
listed in Table 3 (Ref. 8) show generally higher and measurable rise times,
for overpressures in the range 99-131 Pa. It should be noted that four of
the rise times are e - 60 ps.

The rise times reported in the American studies are defined as the time
interval between the start and the peak of the pressure rise, see Fig. 1.11
(Ref. 1). In the French study (Ref. 8) the definition of rise time is the
time elapsed from 10 to 90% of the pressure rise of the steepest part of the
wave front, see Fig. 1.9. Note also in Fig. 1.9 that there is a great dif-
ference between the rise time and the time from start to peak. In Figs.
1.4, 1.7 and 1.10 are shown recordings of typical sonic booms in the U.S.,
U.K. and France, respectively. It is seen that the general shape of the
shocks can be modeled by the wave form in the French study (Fig. 1.9). The
rise time of the steepest part of the front has been shown (Ref. 16) to have
the greatest influence on the subjective loudness. We have therefore adopted
the French definition as the most useful one for sonic-boom rise-time assess-
ments. An important result of the French measurements is that many r ise
times were found to be equal to the resolution of the measuring microphone,
see Tables 1.1 and 1.2. It was therefore concluded (Ref. 7) that the rise
time of the wave was shorter than the measured rise time.

The presented results indicate the physical existence of very fast
pressure increases in sonic boom shock fronts. The true rise time of a sonic-
boom shock can only be measured when microphones with very short response
times are used. A suitable transducer for this measurement is the high-
frequency microphone described in Ref. 18.

The sonic booms in Fig. 1.12 were measured along an 8,000 ft linear

microphone array. The observed irregularities illustrate large deviations

from the s' andard sonic booms shown above. We have found it relevant in the
4iscussa of sonic-boom rise times also to include wave-interaction effects.
.. viC of such observed effects is given below.i,3



A laboratory experiment performed at UTIAS simulated the effect of a
jet on a shock-tube driven N-wave. The convection of the N-wave in the jet
causes a spike when it propagates upstream. Rounding of an N-wave occurs
when it propagates downstream (Refs. 19, 20). Effects of diffraction and
refraction of short N-waves were demonstrated by Davy and Blackstock (Ref. 21).
Their experiments show that a soap bubble filled with helium can round the
wavefronts considerably. When filled with argon, the wavefronts become
spiked. Similar sound speed variations are speculated to arise in turbulent
eddies in the atmosphere, thus affecting sonic booms.

Several laboratory experiments have been performed to study the influence
of artificially generated turbulence on weak shocks. Tubb generated weak
shocks in a shock tube and let them traverse a turbulent flow produced by a
coarse grid (Ref. 20). A doubling of the shock rise time was found as a
statistical mean value. Also Hesselink (Refs. 22, 23) studied the scattering
of weak shocks by turbulent eddies experimentally. Considerable distortion
of an M = 1.007 shock front after passing the random density region was found.

Bauer and Bagley (Refs. 24, 25) used supersonic projectiles to generate
sonic booms. They also found large distortions of the shock fronts after
passing through a turbulent jet.

Several authors have treated the theoretical problem of shock-interference
with turbulence (Refs. 26-30). A conclusion by Ffowcs-Williams and Howe (Ref.
30) is that the small scale turbulence in the lower atmosphere is not likely
to thicken a sonic boom shock by more than a factor of 2. Obermeier (Ref. 27)
predicted large distortions by large turbulent eddies. The eddy motion intro-
duced different propagation speeds for different parts of the wave front.
When these parts merge at a later time, the phase difference between the
parts results in large distortions of the fronts.

The above mentioned studies indicate that large scale turbulence does
have the potential of a significant distortion effect on sonic boom shock
fronts.

Refraction of the high frequencies due to temperature gradients close
to the ground and due to the surface itself is speculated to be a cause for
the measurement of long rise times in sonic booms. This effect has been
observed at UTIAS when calibrating a portable sonic boom generator (Ref. 31).
The shock propagated parallel to the ground and was measured at a distance
of 30m from the source by two microphones, one located 1.64m above the ground
and one 0.33m above ground level. The measured traces are shown in Fig. 1.13.
In the top trace measured at 1.25m, the front has a short rise time, whereas
the bottom trace shows a rise time several orders of magnitude larger. This
effect may also be caused by ground reflection, as shown theoretically in
Ref. 32.

The refraction effect has been observed to increase shock rise times in
the 60m pyramidal shock tube at the Institute Franco-Allemand de Recherches
de Saint-Louis (Refs. 33, 34), as shown in Figs. 1.14a and 1.14b. The top
two oscillographs in Fig. 1.14 show the shocks with no temperature gradient,
and they are indeed sharp. By introducing a teperature gradient across the
horn as sketched, the shocks measured at points 3 and 3' now vary considerably.
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The shock at the "cold" point, 3', is identical to the previous one, and the
shock at the "hot" point, 3, has a considerably longer rise time. It should
be noted that the overpressure of the shock is 1,050 Pa, a superboom, tenfold
greater than normal sonic booms. Figure 1.14b shows in sketch (i) the influ-
ence of the temperature gradient on the shock fronts. The traces in (ii)
show examples with two different temperatures.

The two different examples of increased rise time illustrate that near
the ground a temperature gradient can cause an increase in measured rise time
by orders of magnitude in sonic boom shocks propagating parallel to the ground.
Most sonic boom measurements have been performed with the sensors mounted at
ground level, where the direction of propagation is almost parallel to the
ground. Therefore, we suspect that this was a significant factor in the
reported measurements of apparently long rise times of sonic booms.

It should be noted that most NASA sonic-boom measurements were performed
in a desert area where large near-ground temperature gradients are known to
exist. This could well be the cause for the consistently longer N-wave rise-
time data reported by NASA, compared with the rise-time data for the Mirage
III and Concorde noted here.

These results imply that measured sonic boom shocks can have rise times
about 100-1,000 times longer than what can be predicted by weak-shock theory.
The explanation is to be found in the following effects:

(a) The above mentioned definition of rise time.
(b) Small and large scale turbulence.
(c) Thermal layers.
(d) Grazing ground effects.
(e) Real gas effects.

Because of the many effects causing the sonic boom rise time, it is not
going to be a readily predictable parameter. It would, however, be useful
to be able to predict the shortest possible rise time which would represent
the worst case in a subjective loudness assessment, Ref. 16.

We assume that the shortest rise time will occur when none of the above
mentioned wave-interactions have thickened the shock. The wave front is then
a weak shock wave affected only by the nonlinearity of its propagation and
the diffusion of the fluid within which it moves. Since the shock strength
near the source (SST) is very large it is assumed that by the time they
reach the ground they have evolved into an N-wave bounded by two weak shock
waves.

The sonic-boom shocks are assumed to be quasisteady. This means that
steepening and diffusion are balanced within the shock transition, and that
a steady wave solution can give the theoretical transition for perfect and
real gases. In the latter case, relaxation effects can cause very large
rise times, especially for dispersed shock waves (Ref. 35).

The limitations of the Travelling-Wave Sonic-Boom Simulator in generating
suitable N-waves will be discussed later. The spark and exploding wire tech-
niques have the advantage of generating spherical N-waves that are free from
distortion. However, they have the disadvantage that the durations are very
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short. In studying the rise times of such fronts the weak, spherical
shock wave transition problem must be solved numerically without introducing
artificial viscous effects arising from the finite-difference equations. This
can now be overcome by using the Random Choice Method and will be discussed
in a later UTIAS report.

2. EXPERIMENTAL CONSIDERATIONS

The purpose of these experiments is to generate weak, fully-developed
shock waves with overpressures below 100 Pa in air. Part of the experiments
were used to investigate different ways of generating quasistable weak shock
fronts in the laboratory. To obtain interference-free shock fronts in an
N-wave is the main concern. This is readily done using the exploding-wire
technique and partially so by the spark technique described below.

2.1 Monitoring Equipment

For the detection of weak shocks in the overpressure range 5-100 Pa,
the condenser microphone is a good choice. The type used here was a Briiel
& Kjaer (B & K) 4135 freefield 6.3 m (1/4 in) dia microphone. The response
of two such microphones was tested in the Travelling-Wave Simulator. They
were mounted at the same distance from the apex, in the centre of the pyra-
mid and only 50 mm apart. In this position they were exposed to very short-
rise-time shocks. In Fig. 2.1 the times are from both microphones mounted
with a protection grid and the shock is at 0-degree incidence. The ripple
on top of the sharp part is at about 45 kHz, close to the resonance fre-
quency of the cartridge. In Fig. 2.2 the protection grid of the one micro-
phone has been removed. The lower trace shows that the 45 kHz ripple has
disappeared. Hence the ripple is assumed to be due to diffraction intro-
duced by the protection grid. In Fig. 2.3 both protection grids have been
removed and the one microphone has been turned to a 90-degree incidence.
This results in a poorer high frequency response (rise time) which is also
seen in Appendix A, Fig. A.1, where the free-field response for 0 degree
and 90 degree incidence are plotted. Based on these findings all measure-
ments were performed without a protection grid at O-degree incidence.

Note that in this setup a ripple of about 135 kHz was observed (see
Fig. 2.4). The overpressure of this shock is 60 Pa, whereas the overpressures
in the previous figures are about twice as much. This ripple is assumed to be
due to diffraction phenomena because the frequency is much higher than the
resonance frequency for this type of microphone. When measuring without its
protective grid at zero angle of incidence, this microphone has an approxi-
mate minimm rise time t = 2.9 gs, when mounted at the end of a im long 3/4
in (19 n) copper tube (see Appendix A for details in obtaining this value).
Amplification of the microphone signal was provided by a preamplifier, B & K
2619, and a power supply B & K 2807. According to the respective manuals,
the upper limiting frequency -1 dB in the free-field response is the 140 kHz
set by the microphone cartridge. As fairly long cables were used in the
setup, the pulse response of a 60m RG 58/U cable was calculated as 100 no for
a 10% to 90% rise time of an "infinitely-steep" pulse propagated through the
60m of cable. Since no cables exceeded 60m it is assumed that the cables
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did not limit the frequency response of the microphone system. The oscillo-
scopes used were Tektronix types 555 and 535 with a type D plug-in that has
a bandwidth better than 300 kHz. It is seen that the microphone signal will
be shown undistorted on the oscilloscope screen. The microphone was calibra-
ted with a B & K Pistonphone type 4220, which gives a sound pressure level at
250 Hz of 124 dB. The accuracy according to the manual is better than

Ecal ± 4.7%.

All overpressures and time measurements were extracted from oscillo-
graphs. The values were obtained by measuring distances between parallel
lines that were drawn through the points of interest. The distance was
measured with a scale subdivided into 1/100 inch (0.25 M). The accuracy is
estimated to be 0.125 mm. A typical distance between lines, i.e., the dis-
tance to be measured, is 20 mm, where the accuracy becomes eLl ; 0.6%. The
lines used have a thickness of 0.15 mm and the location accuracy of the line
is estimated to be ± 0.15 ma. As the reading was taken between two lines,
the total error due to the location accuracy of the lines was for a typical
measurement EL2 = 0.30 mm/20 ma = 1.5%. The total error in overpressure
measurements consisted of two parts:

cp = E (calibrator signal) + E (measured signal)

or

p= cal + %l + CL2 + + L2

or
=8.8%

The calibration signal for the time base was the 60 Hz AC line frequency
which was accurate to within eAC < 0.1%. The total error on the time signals
is

Et = Et (calibration) + Et (measurement)

or
E t AC + E~l +'L2 + 'Ll + 'L2

or

Since some of the measurements were performed at O°C the stability of the
oscilloscopes was tested over an experimental period of a day. Variations
were found to be less than 1%.

For the experiments in the horn the temperature detection was done using
wide-range hygrosensors types 15-201 and 15-2010 made by Hydrodynamics. These
sensors in the four stations of the horn were coupled to a switch-box model
No. 15-3050. The accuracies, according to the manual, were ± 1.5% on relative
humidity and ± 10 C on temperature.

For the experiments in the ACV dome a sling psycrometer was used to
measure the wet and dry bulb temperatures. The derived humidities were
estimated to have an accuracy of ± 2%; the temperature was reliable to
within ± 0.5°C.
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2.2 Pyramidal Shock Tube

The UTIAS Travelling-Wave Sonic-Boom Simulator was used for part of the
experiments. The facility consists of a 25m long horizontal concrete struc-
ture of pyramidal shape; it has a 3m x 3m base and a divergence angle of 7.2
degrees. Both ends of the horn are contained in simple structures shown in
Fig. 2.5. The apex is in the so-called control room as shown in Fig. 2.6.
In the experiments the horn was used in its shock-tube mode with three
driver lengths: 0.21m, O.46m and 1.58m. The diaphragm stations are shown
in Fig. 2.6. It should be noted that the first 4 metres of the horn are
made of 25im thick steel. The interior of the horn is equipped with humidity
and temperature sensors as shown in Fig. 2.7. There are four locations where
the humidity and temperature can be measured, namely at distances of 6.1Om,
12.2m, 18.3m and 24 .4m from the apex. A complete description of the UTIAS
Travelling-Wave Sonic-Boom Facility can be found in Refs. 36 and 37.

Shock-Tube Experiments with 1.58m Driver Length

The first experiments with the travelling-wave horn as a shock tube
were done with a driver length of 1.58m. To generate waves with less than
100 Pa overpresztLre in the wide end, a weak and brittle diaphragm material
was used. The material had to be weak to break at a sufficiently low over-
pressure in the driver and so brittle that cracks formed at the initial
breaking point had a high propagation speed. A thin quality waxed typewriter
carbon paper was found to have these properties pumping the driver section
until the diaphragm burst by itself led to too-high overpressures, a breaker
mechanism was designed. It consists of four levers that simultaneously press
on the paper near the corners, see Fig. 2.8. This enhances crack formation
along the edges which resulted in the cleanest initial wavefrcmt. The signals
were measured in the centre of the horn with a microphone on a movable stand.
An average of 5 measurements were taken at seven locations along the axis of
the horn. A typical oscillograph, taken at 2.13m from the apex of the horn
is seen in Fig. 2.9. Note that the trace is not smooth, except for the ini-
tial part. Virtually all traces obtained with the 1.58m driver had the char-
acteristic shown in Fig. 2.9. The measured peak overpressures pt compensated
for spherical spreading, i.e., multiplied by E = x/xo, the distance from the
apex over the driver length are plotted as a function of E in Fig. 2.10. The
two sets of runs, series 1 and 2, were performed with the driver overpressures
1379 Pa and 17 2 4 Pa, respectively. Note that the compensated overpressures
are increasing with distance in both series. This is most unexpected, and we
assume that the waves were not ideally-formed one-dimensional spherical waves.

According to Taylor's theory (Ref. 38), the overpressure multiplied by
the rise time of a shock, p.t, is constant if the total viscosity of the gas
is constant. The behaviour of the parameter p-t, as obtained fram the mea-
sured waves in the horn, express whether the waves are steepening compression
pulses or shocks. If p.t is decreasing as a fumction of the propagation dis-
tance, the wave is steepening. When p.t has reached a minimum value, a shock
is formed which will persist beyond that point until its amplitude had decreased
to an infinitesima.l value. It is seen from the plot in Fig. 2.11 of p.t versus
t for series 1, that the trend of p.t is to decrease. Hence the waves generated

by the 1.58m driver are still steepening at the end of the horn, and cannot be
regarded as fully-formed shocks. The reason why the shocks are not formed is
that the rise time created by the breaking diaphragm is much longer than the

8



corresponding shock rise time, and the weak wave cannot steepen into a shock

within the length of the horn.

Shock-Tube Experiments with Separator

To overcome the difficulty of weak waves with long rise times, the
shorter driver lengths 0.21 andO.45m were employed. lI this way the initial
overpressure could be higher than with the 1.58m driver and still achieve
the same wave overpressure at the base of the horn. The higher initial over-
pressure also provided for a faster breaking of the diaphragm, thereby creat-
ing a wave with a higher steepening potential. The initial wave fronts
generated with the short drivers were irregular. The reason for this was
taken to be due to transverse waves generated by the nonuniform pressure
distribution across the diaphragm upon breaking. To avoid these modes a
separator was introduced at the 1.58m section (Fig. 2.12). The wave trans-
mitted through the separator material had a decreased overpressure and an
increased rise time according to the material used. Thin PVC plastic was
found to smooth the waveform suitably, and was used for the runs with the
0.21m and 0.46m drivers. An example of the variation of p-t versus t for
one of a series (I to VI) with the 0.21m driver at an initial overpressure
of 41,000 Pa is shown in Fig. 2.11. In each run the wavefront was measured
at two locations in the horn, one at t = 14.5, the other on a movable stand.
In this way the initial front could be checked for every run. For this
series of runs the waves are steepening all the way down the horn.

At this point of the experiments it was desired to check the sphericity
of the waves. This was done by locating two microphones at the same distance
from the apex, one in the centre and the other at one sixth of the distance
centre-wall from the wall. A typical measurement of the wavefront at 21.3m
generated by the 0.46m driver at an initial overpressure of 15,500 Pa is shown
in Fig. 2.13. Both the overpressure and the rise time varied considerably

between the two measuring points at the same cross section. The nonuniformity
of the wavefront implies that we cannot assume one-dimensional spherical waves.

Another illustration is the differences in p.t versus t as shown in Fig. 2.14,
where it appears that the difference between the two measuring points increases
with distance. These final experiments in the Travelling-Wave Horn led to the
conclusion that uniform one-dimensional spherical waves were impossible to
establish when generated in the above manner.

It can be concluded that the experiments in the N-Wave Simulator estab-
lished the difficulty in generating an ideally spherical shock front of over-
pressures lower than 100 Pa. One of the nonidealities was the uncontrolled
curvature of the diaphragm upon breakage. If the curvature is different from
the curvature given by the circle section with the driver length as radius,
there will be a crosswise motion in the horn. The above assumes that the
diaphragm is ruptured instantaneously along the rim. If we consider the
breaking of the diaphragm to start at one point, there will at this point
in the channel be a higher pressure relative to all other points at the
diaphragm. This also causes transverse waves and a three-dimensional shock
front. The separator did eliminate some of these nonidealities, but not all.

2.3 Air Cushion Vehicle Dome

The dome containing the UTIAS Air Cushion Vehicle (ACV) circular-track
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facility was used as a still-air reservoir for part of the experiments. The
facility is located in the field behind the UTIAS building as shown in Fig.
2.15. The interior of the 42.7m dia building appears in Fig. 2.16. The
wooden track used for ACV experiments is readily seen. The need for waves
free of interference with walls and non-ideal generation was fulfilled by
the experiments designed to take place in the ACV dome. The first series
used sparks as a source of N-waves. The sparks were generated by the energy
release from a charged 7.5 PF capacitor. The maximum charging voltage was
8 kV and the releasing device was a thyratron. A sketch of the setup is seen
in Fig. 2.17 where to the right the capacitor and thyratron are connected by
a low-impedance cable to a resistor over which the spark jumps. To the left
is the measuring microphone labelled 'W', and the trigger microphone labelled
't', both attached to the oscilloscope. Note that a typical wavelength is
50 m, which means that the path length of any reflected signal must be longer
than the direct path by 50 m to avoid distorted recordings by the measuring
microphone. This was achieved by elevating the source and microphone 1.8m
above the floor.

One series consisted of six runs runs for at least three different
charging voltages for several distances between the source and the receiver.
Three runs were mado wiih a fRst 10 ps time-sale, the other three with a
slower 50 4s time-scale. In thib way the front shock and the full wave with
the rear part could be studied (Fig. 2.18). Fairly extensive measurements
were done in the temperature range of 275-277K and relative humidity range
of 67-73%, where six source-receiver distances were employed with four dif-
ferent charging voltages. A total number of 106 oscillographs were obtained.
Some of them are shown in Fig. 2.19 (a) to (c). The displayed oscillographs
were picked so as to represent average measurements. In Fig. 2.19(a) all
readings were obtained with S = 4.4 kV charge at five locations, 4 .08m, 4.85m,
0.76m, 15.6m and 21.6m. Note that the first two oscillographs are taken with
20 ps/div, the third at 5 ps/div, and the last two at 10 ps/div. The maximum
overpressures of the front Pf, and the rear Pr shocks are individually marked
beside each picture together with the rise times tf and tr from 10% to 90% of
the full amplitude. It should be noted that no rise time tf is given in the
first two pictures because it is assumed not to be a reliable replica of the
shock rise time as the microphone does not respond fast enough (see Appendix
A). In the last three pictures of Fig. 2.19(a) the shock rise time tf of the
front of the N-waves are recorded. The first two photos in Fig. 2.19(a), (b),
(c) show the wave recorded at 20 ps/div, because the recording at 5 ps/div
only shows that the microphone limits the front shock, tf < 5 ps. We have
therefore chosen to show the full wave in the first two oscillcrams of Fig.
3.19(a), (b) and (c).

The oscillation at the frequency 143 kHz seen in the first three traces
Just after the first peak is caused by diffraction off the edge of the micro-
phone capsule. It is not, as might be assumed, ringing because the pressure
pulse response as mentioned in Appendix A does not show any ringing.

Since the rear part of the waves always showed a high degree of irrega-
larity, it was concluded that well-formed shocks were not present there.
Similar oscillographs are presented for charging voltages of S - 5 kV and
S = 6 kV in Figs. 2.19(b) and (c), respectively. These show the same trend
that the front shock is initially steeper than what the microphone can measure.
When the peak overpressure reaches about 30 Pa the rise time has increased
above the microphone response time of about 3 ps.

10
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The pressure decay relative to the value at Ro = 4.08m multiplied by
R/Ro is plotted against E = R/Ro in Fig. 2.19(d). The experimental points
from all spark experiments are averaged for each charging voltage.

Another source of N-waves is the exploding wire. By replacing the
resistor in Fig. 2.17 by a thin wire, the sudden release of energy vaporizes
the metal in the wire. The expansion of the metal vapour generates an N-wave
in the far field as seen in Fig. 2.20. The wire material was 0.125 mm dia
nickel. It is seen that the N-waves are much cleaner than those generated
by a spark, especially the rear shock. Note that the wire length A plays a
significant role in shaping the rear shock wave. The top trace in Fig. 2.20
shows a record for R = 12.8m, S = 5.0 kV and I = 25 mm. The rise time of
the rear shock is much longer than the front. By increasing the wire length
to i = 60 mm the trace changes, as shown in the bottom trace. Now both ends
of the wave look alike. We assume from this that the top trace is an N-wave
with a shock in the front and a compression wave in the rear. The bottom
trace is an N-wave with shocks in front and rear. A wire length of I = 50 mm
proved to generate the most symmetrical N-waves, and was used in all subse-
quent runs.

The length of the exploding wires had another effect, namely, the short
wire acted as a point source and the long wire as a line source. This was
measured by detecting the signals from wires 15 m long as a function of the
angle between the normal to the wire and the direction of the microphone;
see Fig. 2.21(a). The signals for all angles were practically identical to
the trace shown in Fig. 2.21(b), taken at an angle e = 450• The experiment
was repeated for a wire 150 nm long and the trace for an angle 6 = 45 ° is
shown in Fig. 2.21(c). It should be noted that the rear portion of the
pressure trace has diminished. This is caused by the line-source effect,
which has been treated in Ref. 42. We found that the flat part grows from
zero to a maximum as e varies from 00 to 900. As our interest was in a
symmetrical N-wave, all measurements were performed at an angle 6 = 0°.

Two runs at T = 2800K, RH = 85%, S = 4.6 kV and I = 50 mm are shown in
Fig. 2.22(a). The top trace is measured at R = 24 .3m and the bottom trace
at R = 29.3m. Note that the rear shocks have smaller overpressures and longer
rise times than the front shocks. This slight asymnetry is assumed to be
generated at the source and is not indicative of any real-gas or propagational
effects.

Similar traces are found in Fig. 2.22(b) where the charging voltage was
changed to S = 6.0 kV. It should be noted that the difference between the
front and rear shocks is also present here. The rise time for the rear shock
is, however, considerably larger than the front shock, which we interpret as
caused by the difference in overpressure. In Fig. 2.22(a) and (b) it is seen
that as the overpressure decreases the rise time increases as expected. Note,
however, that the rear shocks for the N-waves generated by the 6.0 kV source
strength have longer rise times than those generated by the 4.6 kV source
strength. Additional data are presented in Appendix B.

3. CONCLUSIONS

A very considerable number of experiments are presented on the generation
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of N-waves from exploding sparks and wires. These data should form an
important and useful base for analytical and numerical studies of shock-wave
structure of weak nonstationary spherical blast waves, including vibrational
excitation of air. A comparison of such analyses and the experimental data
will provide very worthwhile information on rise times due to vibrational
relaxation. Such investigations are now underway.
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Table 1.1

Data derived from RAE measured sonic booms generated by Concorde

by an array of five microphones.

four suspended from a balloon tether (Ref. 7)

ic. Altitude Pmax Pf tmax tf
(meters) (Pa) (Pa) (ms) (ms)

593 60.5 28.3 5.40 0.16

420 62.0 42.9 0.55 0.13

287 61.6 - 0.09 -

144 50.2 27.1 6.o4 0.30

Ground 91.7 22.7 1.20 0.17
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(b) B-58

(Wl XB-70

FIG. 1.1 TRACINGS OF SONIC BOOM SIGNATURES RECORDED DUR NG FLIGHTS

OF THREE DIFFERENT AIRCRAeT (REF. 1).

(6p and At values are listed.)
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50 =m APART AT THE SAME DISTANCE FROM THE APEX OF THE HORN.
BOTE 'CROP A "T' 'YE 7)T'ECTICN -RIDS MOUNTED.

FIG. 2.2 MICROPHONE RESPONSE TEST. THE TWO MICROPHONES ARE MOUNTED
50 mm APART AT THE SAME DISTANCE FROM THE APEX OF THE HORN.
BOTTOM MICROPHONE DOES NOT HAVE A PROTECTION GRID.
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FIG. 2.3 MICTOPHONE RESPONSE TEST. THE TWO MICROPHONES ARE MOUNTED
50 mm APART AT THE SAIE DISTANCE FROM THE APEX OF THE HORN.
TIE TOP TRACE IS FROM A MICROPHONE WITHOUT PROTECTION GRID
AT 0 DEGREE INCIDENCE. THE BOTTOM TRACE IS FROM A MICROPHONE
WITHOUT PROTECTION GRID AT 90- DEGREE INCIDENCE.

FIG. 2.4 MICROPHONE RESPONSE TEST. THE MICROPHONE IS WITHOUT PROTECTION
GRID, SHOWING A RIPPLE OF ABOUT 135 kHz.
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Diaphragm Stations

'0 Pyramidal Horn

t I o r (m)
0 021 0.46 1.58

FIG. 2.6 INERIOR OF CONTROL ROOM, SHOWfIG THE SHOCK-TUBE DRVERS
AND DIAPHRAGM STATIONS.

1. 0.21m driver
2. 1.58m driver
3. 25-nmm thick steel section
1Recording oscilloscope

5. Pressure control panel
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S mV/div

10 ps/div

S mV/div
SO p /div

FIG. 2.18 TYPICAL OSCILLOGRAPHS OF FRONr SHOCK AND FULL N-WAVE
GENERATED BY SPARK.

UPPER TRACE: tf - 11.2 ps, pf - 6.92 Pa, 5 kV, R - 21.56.
LOWER TRACE: tr = 58.6 ps, pf - 7.18 Pa, Pr - 6.03 Pa



S - 4.4 kV

R - 4.08 m

Pf a 64.8 Pa

Pr = 42.0 Pa

tr = 30.9 us

20 us/div

R = 4.85 m

Pf = 47.2 Pa

Pr a 28.7 Pa

tr 3. us

20 us/div

R a 9.76 m

Pf = 20.0 Pa

tf f S.1 us

5 us/div

R mo.6 ag

Pf -10, 7 Pat: ,,0 9.15 us

10 us/div

R w 21.6 m

*f 4. 79 Pa

t f 11.2 us

10 us/div

F'IG. 2.19(a) SPARK-GiEgMAWED N-WAvR,.



S - S.0 kV

R = 4.08m

Pf = 67.8 Pa

Pr = 47.9 Pa

t r = 23.4 us

20 us/div

R = 4.44m

Pf = 56 Pa

Pr = 36.1 Pa

tf = 2.6 us

t r = 24.0 us

20 us/div

R = 9.76 m

Pf = 22.4 Pa

tIf = 4.64 us

S us/div

R = 15.6 m

Pf - 14.0 Pa

tf a 7.44 us

10 us/div

R = 21.56 a

Pf = 7.45 Pa

t f 11.2 us

10 us/d2v

FIG. 2.19(b) SPARK GENERAED N-WAVES.



S = 6.0 kV

R z 4.08 m

Pf = 76.6 Pa

Pr = 55.3 Pa

tr 30.9 us

20 ps/div

R a 4.85 m

Pf = 56.7 Pa

Pr = 30.9 Pa

tf 2 ps

t = 20.0 us
r
20 ps/div

R = 9.76m

Pf = 28.4 Pa

tf = 4.78 us I Im
5 ps/div

R = 15.6 m

Pf = 15.9 Pa

tf = 7.15 us

10 us/div

R v 21.56 m

Pf a 8.16 Pa

t f a 11.7 us

10 us/div

FIG. 2.19(c) SPARK-GENERAT N-WAVES.
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I = 2. 5 cm

Pf = 45. 8 Pa

Pr= 32. 2 Pa

tr = 32.2 uis

T = 239 us

S0 ps/div

t =6. 0 cm

Pf =48.3 Pa

Pr 39. 0 Pa
T =197 u.s

50 1 s/div

FIG. 2.20 EFFETS OF EXPLODING-WIRE LENGTH 0ON ii-WAVE SY14M'rY AND RISE TIME.



Exploding Wire

Microphone

(a)

t 15 mm : 150 mm

o =45*

(b) (c)

FIG. 2.21 EFFECTS OF EXPLODING-WIRE LENGTHS AND ORIEIATION ON N-WAVES.

b) pf = 227 Pa, Pr 108 Pa, tr = 50 Ps, 50 Ps/div
c) 50 gs/div.



S 4.6 kV = 5 cm

R = 24.3 m

Pf = 19.3 Pa

tf = 14.0 us

Pr = 14.7 Pa

t = 16.8 usr

T = 175 Us

50 us/div

R = 29.3 m

Pf = 15.3 Pa

tf = 15.4 us

Pr = 13.7 Pa

t = 19.6 usr

T = 197 us

50 us/div

FIG. 2.22(a) EXPLODING-WIRE N-WAVE5.



S 6.0 kV R 24.3 m , ___m

Pf = 25.6 Pa

tf = 9.8 us

Pr = 21.5 Pa

t r = 23.1 U's

T = 2S4 us

SO us/div

R = 29.3 m

pf = 20.0 Pa

tf = 12.6 us

Pr a 16.6 Pa

t r 35.0 us

T = 262 us

50 us/div

FIG. 2.22(b) EXPLODII,-WTIRE N-WAVES.



APPENDIX A

MICROPHONE RESPONSE

Consideration is given to a microphone response to waves impinging on
the diaphragm under various angles of incidence o between the normal of the
wavefront and the normal of the diaphragm, as shown in Fig. Al. The free-
field response at incidence of a B~iel & Kjaer type microphone, as shown in
the upper curve (a) in Fig. A2, is obtained when a uniform pressure is
applied to the microphone diaphragm. The free-field response is the res-
ponse of the microphone to a free sound field impinging on the diaphragm.
The free-field correction is the difference between the two types of res-
ponse, and it is caused by the mechanical presence of the microphone in the
sound field. This diffraction is dependent on the angle of incidence, as
shown in Fig. A2 (Ref. 39). It is seen that the free-field correction is
greatest for 0* incidence, decreasing with increasing angle. This means
that the frequency response of a microphone in a free field is dependent
on the angle of incidence. Figure A2 shows the pressure response for a 4135
Bruel & Kjaer microphone as a solid line; above it is the free-field response

for zero incidence which is flat within ± 1 dB up to f41425() = 140 kHz. The
max

free-field response for the microphone at 900 incidence, also shown in Fig.

A2, shows a frequency response which is flat within ± 1 dB up to f 4135(90 )

= 12 kHz. This illustrates that the angle of incidence can decrease the
bandwidth by a decade.

The impulse pressure response of the type 4135 Briel & Kjser microphone
is shown in Fig. A3 to have a rise time from 10% to 90% of maximum amplitude
of t4 1 36 = 5.4 gs. A typical microphone 4136 has a characteristic upper
frequency f413= 70 kHz; see Fig. A2 (Ref. 41), whereas for 4135, f 4 1 3 5 =
130 kHz (Fig. 2). The rise time of type 4135 is then estimated to be
t4135 (f4136/f4 135) t41 36 or t41 35 = 2.9 ps. It should be noted that the
microphones have virtually no ringing; see Fig. A3.

We assume that the rise time due to an impulse of a uniform pressure is
equal to the rise time of a free-field impulse at 00 incidence, i.e., t4 1 ( )
- 2.9 ps. The rise time for 900 incidence can be calculated now, t4135
= [fl (O)/fl (9O) t4135(0), hence t4135 (90) = 33.8 [s.

When thin shock fronts are to be meazured by a transducer of diameter
d of the sensing surface, the angle of incidence has another effect as shown
in Fig. Al. The shock front of thickness h has a normal propagation speed
c at the angle 9 to the normal of the microphone diaphragm. For a point
microphone, d - 0, the measured rise time would be ts = h/c, the rise time
of the shock. For an infinitely thin shock, h - 0, the rise time would be
the traversing time ttr(e) = a/c = d sin e/c. Hence the rise time for a
finite thickness shock-wave measured by a finite diameter microphone at an
angle of incidence e is tm(e) = ttr(e) + ts . Note that for e = 0, the lower
limit on tm(O) is the microphone rise time, say in the present case tm(O).' t41 35.

A-1

ma.mm i m m u-- ii t



Hence if ts < t4135 we have

t+135(e) t (e) + t 41 35 (e)

4135
The microphone rise time is at 0 incidence tm3(0) = 2.90 ps, at 90 incidence
tm 135(90 ) = 52.6 gs.

The 1.0 cm-dia Bruel & Kjaer microphone type 4146 has been widely used in
sonic-boom field-measurements. Its high frequency response is the same as
for type 4144, and the rise time will be the same. The rise time of type 4144
is,as shown in Fig. A3, t 4 1 4 4 

= 35 is and t 4 14 5 = 35 Ps, which is for uniformly
distributed pressure instantaneously applied to the diaphragm. The angle of
incidence dependency on the free-field response is seen in Fig. A4 where the
difference between 0 and 90 degree incidence shows a shift in the -1 dB frequency

f141146, 4146
from f4146(0) = 13 kHz to f (90) 7.8 kHz. The free-field response at 90

incidence is seen to follow the pressure response until 10 kHz, hence t4146(90) =

7.8 kHz. The free field re ponse at 90 incidence is seen to follow the pressure
response until 10 kHz; hence t4 14 6 (90) = 35 ps, and

-f4146 0--f 4146 0 1-  9
t414 6(o) = [ max (9)/m 4 1 4 6 ( 9 0 ) = 21 "s

The traversing time at T = 285°K is ttr(8) = 70.3 sine ps. The rise time of

the type 4146 microphone is for 90 incidence tm 146(90) = 105 s, for 0 inci-

dence t 
4146(0) = 21 

ps.
m

From the above estimates it is seen that the angle of incidence is a very
imortant parameter in the detection of shocks by condenser microphones.

A-2
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FIG. A3 CONPARISON OF THlE PUTI,; iSPO14SES OF' SOME B & K MICROPHONES.
FROM LEFT TO RIGHT: 1 INCH TYPE 4144, 1/2 INCH TYPE 4134,
1/4 INCH TYPE, 4136 (m~l'. 40).
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APPENDIX B

BULK PRESEMATION OF SPARK AND EXPLODING WIRE EXPERIENTS

Each run is numbered.

N

iI



1 i0 Pa 2.01 Pa

20 g's
20 g~s

Td = t.7C RH 70-
Tw = 9.3 °0 Cu wire

R = 11.75 m Run 903 R 11.75 m Run 1002

2.01 Pa 10.0 Pa

20 -

I s 20 JAS

Td = 11.7°C RH = 60% Spark Run 1003
Tw - 7.78°C R =1.75m
R - 11.75 m Run 1001

2.01 Pa

20 Ps 0 p

Cu - wire Run 1004

Run 1001 = 18.5m

FIG. B1 FIG. B2



10.0 Pa 20 ps

20 .±s

4.03 Pa

Cu - wire Run 1.005 Td =15.6C RH = 50%
R 1 18.50m Tw = 10.OC

R = 12.5 m Run 1108

~4 .03 Pa-'

0. 2s

Ni - wire Run 1006

R = 18.5Om

R =12.5 m Run 1109

20 go 20 s

Cu - wire Run 1008 R = 12.5 m Run 1110

R - 18.5m

FIG. B3 FIG. B4

I



20 .s

R 12.5 m R u RIiiim u ii

4 .03 Pa 2 p 403 p 2

R -12 .5m Run 1112 R -12.5m Run 1115

20 ps 4 .03 Pa

R ,,12.5m Run 1112
R 12.5m Run 1115

20 ps
4.03 Ps .3P~

20 g

R - 12.5m Run 1113 R - 12.5m Run 1116

FIG. B5 FIG. B6



7.24 Pa

20 ps

20 ps4 .03 P L -----

Run 1300

R = 12.5m Run 1117

7.24 Pa

FIG. B7

F20 ps
t r-

Run 1301

7.24 Pa

20 ps
7.24 Pa

R = 15.2m Run 1204

Free-field mounted 4135 Run 1302
1/4" B&K microphone

7.24 Pa

10 Ps

7.24 Pa .-A----- -

20 ps

Run 1303

FIG. B9

R - 15.2 Run 1206
S = 50 kv
R = 15.6m
Tw = 0 30C

FIG. B8 h: 25i



7.24 Pa

10 p~s

.62Pa

Run 130o4

3.62 Pa Run 1308

RRun 1309

3,62ra 1306s

3.62 Pa3.P

Rt 10 Riun 130

FIG. BIO FIG. BIJ.

-.4.4 kV s a 5.4 icy
T- 0-3-C Tv a 0-3 0 CTd a 2.5 0 C Td v 25C

R - 15.6m R - 15.ERH m67% RH. 67%



3.17 Pa

Run 1323

3.62 PE

10 As3.17 Pa

3.62PRu 132132

3.17 Pa

Run 1322

FIG. B12 FTG. B13

s = 6.0kV s = 6.o kv
R - 15- 6 1 R - 2 1-5 6 m
T= o.3*C Td - 0.600

Td =2-50C TV = 110
RH = 67% RK - 73%



3.17 Pa

3.17 Pa

Run 1325

Run 1335

3.17 Pa

10 ps3.17 Pa

Run 1326

Run 1336

33.17 Pa

Run 1327
Run 1337

3.17 Pa

10 &

Run 1.328

FIG. B14FIG. B15

S 5.kVS - 5.0 kV
S = 54 kvR - 21-56m

R = 21-56m Td -o.6oc
Tda 0o.60C f-11CTw -1.110C C

RH -73$



3 17 Pa

10 ps 
1.59

io g

Run 1338

Run 1340

1.1 Pa P

10 ps

Run 1341

Run 1339

!'T. FV FIG. B17

7 +.4 kV S =4.4 kV

- 21.56m R = 21.56m

Td = o.6c Td= 0.60C

Tw = 
=.11c Tw -1.11C

PTY = 73% RH - 73%



6.3~4 o ...

5 5 Ps

Run, 1349 63PaRun 1350

6.34 PaRPa15

6.334 Pa

5 ps5.i

Ru 376. 3 4 Pa Run 1352

FI(i. B18 FIG. -119

r, = 4.4 kV S = 5.0 kV

H = 9.76m R 9-76mi
T = 3.1"C Td -3-1 0 C

T= -o.6-c Tw=-o.6-
PIT - 50% RH - 50%



12.7 Pa 
5 p

5 p5s

6.34 Pa Run 1361 Run 1362

12.7 Pa

5 4±s

6.34 Pa

Run 1360 Run 1363

12.7 a

55 ps

f 6.34 Pa
Run 1359 Run 1364

FIG. B20 FIG. B21

S = 5.4 kV S = 6.0 kv
R = 9.76m R - 9.76m
Td = 3.1°C Td = 3.1°C
Tw = -o.6oC Tw = -o.6oc
RIT = 50% RH - 50%



50 ps

12 .1 Pa

- 5cm
S = 6.o kV Run 1601

1.
26.4 Pa

5 [s 20 ps

12.1 Pa

Run 14 06121P

= 5 cm
S = 6.o kV Run 1602

FIG. B22

s =6.o kv
R = 4 .o8m 5 L
Td = 3.1°C
Tw = -o.6C r 1 Pa

RN 50%

= 12 cm
S = 6.0 kV Run 1603

50 Ps

12.1 Pa

= 5 cm

s = 4.6 kV Run 16o4

FIG. B23

R = 27.6m
Td = 0
RH - 75%



20 50 ps

20 4is 12.1 Pa

12.1 Pa
s = 6.o kV
R = 24 .3m

5cm I= 5 cm Run 1701

s .6 kV Run 1605

200 ps
20

12.1 Pa 12.1 Pa

= 5cm s =4 .6 kV
s = 6.0 kv Run 1606 R = 24 .3m

= 5cm Run 1702

S50 p
500 gs

12.1 pa

121 Pa

S = 7.0 kV
i - 2 cm Run 1607 R = 29.3m
8 = 6.0 kV Z = 5 cm Run 1703

SI';. B24 FIG. B25

R - 27.6m Td = 7*C
T = 277 K RH - 87.5%
Ell - 75%



12.11 Pa

s = 6.0o kv Run 1704 s =4.6 kV Roin 1705

R = 29.3m R 29.3m

I2=5 cm A 5 cm

FIG. B26

Td 70C
RH =87.5%
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